In this study, we demonstrate that human neuroblastoma SH-SY5Y cells transfected with human tyrosine hydroxylase isoform 1 (SH 1 TH cells) were substantially more resistant to cell death induced by hydrogen peroxide and 6-hydroxydopamine when compared to wild-type SH-SY5Y cells (SH cells). SH 1 TH cells exhibit increased levels of dopamine (DA) compared to SH cells. Incubation with hydrogen peroxide or 6-hydroxydopamine (10-100mM) for 24 h caused a significant reduction in cell viability and increased apoptosis in both cell types. However, these effects were significantly reduced in the SH 1 TH cells when compared to the SH cells. The SH 1 TH cells showed an improved ability to detoxify peroxide, which correlated with an increase in glutathione peroxidase and glutathione reductase activities, while catalase activity was unchanged. Our data suggest that a preconditioninglike mechanism linked to higher DA levels increased the resistance of SH 1 TH cells against oxidative insults, which is at least in part related to an augmentation in the activity of glutathione-related antioxidant enzymes.
The hydroxylation of L-tyrosine to L-dihydroxyphenylalanine (L-DOPA) by tyrosine hydroxylase (TH; E.C. 1.14.16.2) is the first and rate-limiting step in the synthesis of the catecholamines dopamine (DA), noradrenaline, and adrenaline (Dunkley et al., 2004) . A decrease in DA levels was observed in Parkinson's disease (PD) patients, and the major therapeutic strategy is treatment with L-DOPA, which easily crosses the blood-brain barrier and serves as a substrate for DA synthesis (Jingzhong et al., 2005) . However, this strategy does not block the progress of the disease, and L-DOPA treatment loses potency over time. This has led to a need for new therapeutic strategies. Currently, genetic manipulation and transplantation of cells able to synthesize DA is the most advanced approach (Ishida and Yasuzumi, 2000; McCoy et al., 2008; Park et al., 2008) .
Injection of a variety of cells tranfected with the TH gene, including fibroblasts, myoblasts, astrocytes, astrocyte lineage cells, and stem cells, into dopaminergic regions of the brain of lesioned animals is able to replenish DA levels and ameliorate PD symptoms (During et al., 1994; Fisher et al., 1991; Guerrero-Cazares et al., 2007; Jiao et al., 1993; Lundberg et al., 1996; Zhang et al., 2008) . This approach may provide an alternative or complementary strategy to L-DOPA treatment for PD. However, little is known about possible modifications to cell homeostasis and the nature of cellular responses when TH is transfected into cells that normally do not express or produce only very low levels of this enzyme. Such knowledge will be relevant to the development of an enhanced model for cell transplantation therapy in PD.
Overproduction of DA increases the levels of reactive oxygen species (ROS) and causes degeneration of dopaminergic neurons (Miyazaki and Asanuma, 2008) . TH overexpression is used as a model of PD in animals as it increases DA production and causes dopaminergic cell death (Locke et al., 2008; Park et al., 2007) . On the other hand, exposure to low levels of DA causes preconditioning effects, which protect cells against subsequent oxidative insults (Jia et al., 2008; Lazou et al., 2006) . Considering that exposure to high levels of DA is toxic to the cells and that low-level exposure can trigger preconditioning systems leading to increased cell survival, the investigation of the effects of TH insertion into different cell lines is relevant in order to elucidate mechanisms related to cell death/survival pathways induced by DA.
In the present study, we transfected human SH-SY5Y neuroblastoma cells with human TH isoform 1 (SH þ TH cells) and aimed to determine whether these cells are more or less resistant to cell death induced by oxidative stressors than wild-type SH-SY5Y cells (SH cells). Hydrogen peroxide is widely used as a model of oxidative stress in vitro (Kim et al., 2008; Posser et al., 2008; Saberi et al., 2008) . 6-Hydroxydopamine (6-OHDA) is a well-established model of PD both in vitro (Leak et al., 2006) and in vivo (Smith and Cass, 2007) and is also demonstrated to cause oxidative cell death (Leak et al., 2006) . Based on these data, we used H 2 O 2 and 6-OHDA as models of oxidative stress and compared the molecular responses of SH and SH þ TH cells to these toxic agents.
MATERIALS AND METHODS

Chemicals
SDS-polyacrylamide gel electrophoresis (PAGE) reagents were from BioRad Laboratories (Hercules, CA). Molecular weight PAGE standards, nitrocellulose membrane (Hybond ECL), ECL Plus Kit, and anti-rabbit immunoglobulin (horseradish peroxidase-linked whole antibody from donkey) were from GE Health Care (Little Chalfont, UK). CellTiter-Blue cell viability assay was obtained from Promega (Madison, WI). Hydrogen peroxide (H 2 O 2 ), 6-hydroxydopamine (6-OHDA), mercaptosuccinic acid (MS), 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU), b-actin antibody, reduced glutathione (GSH), b-nicotinamide adenine dinucleotide phosphate sodium salt-reduced form (NADPH), 5-5#-dithio-bis (2-nitrobenzoic) acid, glutathione reductase (GR) from baker's yeast, peroxidase from horseradish, and Triton X-100 were from Sigma Chemical Co. (St Louis, MO). Poly (ADP-ribose) polymerase (PARP)-1 antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Oxidized glutathione and 10-acetyl-3,7-dihydroxyphenoxazine (Ampliflu Red) were obtained from Fluka (Steinheim, Switzerland). Tissue culture reagents were from Sigma Chemical Co. and were of analytical or tissue culture grade. TH-specific antibody was prepared and purified as described by Gordon et al. (2009) .
Cell Culture, Transfection, and Treatments
Experiments were performed using wild-type human neuroblastoma SH-SY5Y cells obtained from the American Type Tissue Culture (http:// www.atcc.org) or SH-SY5Y cells transfected with human TH isoform 1. The cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 4 mmol/l L-glutamine, and 15 mmol/l 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.4. Cells were maintained in a humidified atmosphere containing 5% CO 2 at 37°C in complete medium that was changed every 3-4 days. The stable transfection of SH-SY5Y cells was carried out as follows: Wild-type SH-SY5Y cells were plated in 12-well plates at a density of 4 3 10 5 cells per well and were incubated with 1.6 lg pcDNA3.1 hTH1 (provided by Dr. Ingo Lehmann; Lehmann et al., 2006) and 4 ll Lipofectamine 2000 (Invitrogen, Carlsbad, CA) for 24 h before media was aspirated, and replaced with 10% DMEM supplemented with 0.06 mg/ml geneticin (DMEM-G) (Invitrogen). Cells were maintained in DMEM-G; during this time, cell density was observed to decrease to < 1% confluence and then increase until 80% confluent. In wild-type (nontransfected) SH-SY5Y cells, incubation in DMEM-G resulted in 100% cell death. Cells were transferred to a 5-ml flask and were maintained in DMEM-G until cells were transferred to a 75-ml flask, after which point hTH1 SH-SY5Y cells were routinely maintained in 10% DMEM. TH protein expression was analyzed using Western blotting using TH-specific antibody.
After reaching 80% confluence, the cells were plated for 48 h on plastic culture plates at a density of 0.4 3 10 5 cells per well (96-well plates), 4 3 10 5 cells per well (12-well plates), or 8 3 10 5 cells per well (six-well plates). The complete medium was changed to serum free medium for 1.5 h so that the cells could adapt before treatment began. After this period in serum-free medium, cells were exposed for 24 h to a range of concentrations of H 2 O 2 or 6-OHDA solubilized in sterile 0.1mM PBS. The enzyme inhibitors MS and BCNU (glutathione peroxidase [GPx] and GR, respectively) were added to the incubation medium during the 1.5-h adaptation period with serum-free medium. The MS concentration used (500lM) did not change cell viability in any of the protocols used. The BCNU concentration used (10lM) also did not change cell viability.
Cell Viability
The viability of cells was measured using the CellTiter-Blue cell viability assay kit. The method uses the indicator dye resazurin to measure the metabolic capacity of cells, which relates to cell viability. Viable cells will reduce resazurin into resorufin, a highly fluorescent compound. Nonviable cells have diminished ability to reduce the indicator dye and do not produce the fluorescent signal. Cells were plated into 96-well plates and exposed for 24 h to different treatments. Subsequently, an aliquot of CellTiter-Blue was added to the cells, according to the manufacturer's instructions. After 1 h, the fluorescence was recorded using a fluorescence plate reader at 544 nm exc /590 nm em .
Apoptosis Assays
PARP cleavage. After treatment, the media was removed and cells were solubilized by addition of 200 ll of 2% SDS, 2mM EDTA, 1% dithiothreitol, 10mM glycerol, and 50mM Tris (pH 6.8) to each well. The proteins were separated by SDS-PAGE using 10% gels and then electrotransferred to nitrocellulose membranes as described previously (Bobrovskaya et al., 2007) . The membranes were washed in Tris-buffered saline with Tween (TBST) containing 100 mmol/l Tris-HCl, 0.9% NaCl, and 0,1% Tween-20, pH 7.5 and incubated overnight (4°C) with PARP-1 primary antibody. Subsequently, membranes were washed in TBST and incubated for 1 h at room temperature with horseradish peroxidase-linked anti-IgG secondary specific antibody. The immunoblots were visualized on the Fuji Image Readers LAS 3000 (FUJIFILM Corporation, Tokyo, Japan) imaging system using ECL plus detection reagents. The protein load controls were performed by analysis of b-actin immunocontent.
Propidium iodide assay. Apoptotic nuclei were determined by staining with propidium iodide as described previously (Nicoletti et al., 1991) . After treatments, cells were washed with PBS and collected into 12 3 75-mm polystyrene tubes and centrifuged at 200 3 g. Subsequently, 0.5 ml of a hypotonic buffer (50 lg/ml propidium iodide in 0.1% sodium citrate and 0.1% Triton X-100) was added to the cell pellet, and the tubes were kept in the dark at 4°C overnight before flow cytometric analysis. The propidium iodide fluorescence of individual nuclei was measured in the red fluorescence mode using a FACScan flow cytometer (Becton Dickinson, Mountain View, CA). At least 10 4 cells were analyzed for each sample. Apoptotic nuclei appeared as a broad hypodiploid DNA peak, which was distinguishable from the narrow hyperdiploid peak of nuclei in the control untreated cells.
DA Levels
DA levels were determined according to a previously described method (Mazzulli et al., 2006) with minor modifications. Briefly, SH or SH þ TH cells were each seeded into six-well plates at a density 8.5 3 10 5 cells/ml. The cells were then grown for 48 h before harvesting. The wells were washed twice with PBS. The cells from one of the six wells were collected and analyzed for total protein, using the BCA Protein Assay Kit (Thermo Fisher Scientific Inc., Rockford, IL.). The cells in the other five wells were resuspended in 600 ll of 0.1M perchloric acid. The cell extracts were then sonicated and then stored at À20°C. Prior to DA determination, the cell extracts were centrifuged at 12,000 3 g for 20 min at 4°C. Fifty microliters of the supernatant was injected into the high performance liquid chromatography (HPLC) apparatus for catechol analysis using an Agilent 1200 series HPLC controlled by ChemStation software (Agilent, Palo Alto, CA). Catechols were resolved on a reverse-phase C18 Eclipse XD8 column (150 3 4.6 mm and 5 lm; Agilent) at a flow rate of 0.9 ml/min in a mobile phase consisting of 35mM citric acid, 32mM sodium phosphate, 1.3mM EDTA, 0.14mM 1-octanesulphonic acid, and 2% acetonitrile adjusted to pH 4.1 and detected using a Coulochem III detector (ESA Biosciences, Chelmsford, MA) set with working potentials of 200 and À200 mV. Catechol quantification was done by comparing the peak areas of a known amount of standard.
Antioxidant Activity
The ability of cells to detoxify peroxides was determined as described by Dringen et al. (1998) with minor modifications. Cells were cultured in six-well RESISTANCE OF HUMAN NEUROBLASTOMA CELLS TO OXIDATIVE INSULTS 151 culture plates. A solution of 100lM of hydrogen peroxide was applied to cell culture wells. Straight after peroxide was applied, an aliquot (10 ll) of medium was collected and peroxide was measured using the Ampliflu Red reagent with horseradish peroxidase. The amount of peroxide present from this first measurement was used as the control for each well, representing the amount of peroxide at the zero time point. After 1 h, a second aliquot was collected and peroxide concentration was measured. The rate of decrease in peroxide concentration over time was normalized as the amount of H 2 O 2 degraded per minute per milligram total protein (lmol/min/mg protein).
To analyze antioxidant enzyme activity, cells were harvested from six-well culture plates and lysed in 20mM HEPES buffer (pH 7.0) by passing through a 26-G needle (Terumo Corporation, Tokyo, Japan). The lysate was centrifuged at 20,000 3 g for 30 min at 4°C. The supernatant was then immediately assayed for GR, GPx, and catalase (CAT) activity as described previously . The enzyme activities were expressed in milliunits per milligram of total protein content (mU/mg protein), which was quantified using the BCA protein assay kit.
Data Analysis
Data are expressed as mean ± standard deviation (SE), as indicated in Figure/ Table legends. Each experiment was performed at least twice in triplicate. Statistical analysis was performed by two-way ANOVA followed by Duncan's post hoc test. Values were considered to be statistically significant when p < 0.05.
RESULTS
TH Expression and DA Production
In this study, human neuroblastoma SH cells were transfected with human TH isoform 1 to produce SH þ TH cells. The stable transfectants showed immunoreactivity against TH antibody, which indicated that they expressed TH, while SH cells showed undetectable TH immunocontent (Fig. 1) . The SH þ TH cells also showed increased levels of DA (Table 1) . These results indicate that the SH þ TH cells used in this study produced a functional TH protein, resulting in increased DA synthesis.
Cell Viability
Cells were incubated for 24 h in the presence of increasing concentrations of H 2 O 2 ( Fig. 2A) or 6-OHDA (Fig. 2B ) and then cell viability was assessed by the resazurin reduction method. Incubation of SH and SH þ TH cells with H 2 O 2 caused a decrease in cell viability, which was statistically significant at concentrations of 50 and 100lM. However, the SH þ TH cells were significantly more resistant to the H 2 O 2 -induced loss of cell viability when compared to SH cells at both of these concentrations. Incubation with 6-OHDA decreased the viability of SH cells at all concentrations tested (10-100lM), while SH þ TH cells were affected only at concentrations of 50 and 100lM. The SH þ TH cells showed an increased resistance to 6-OHDA-induced decrease in viability at all concentrations tested (Fig. 2B) .
FIG. 1. TH expression in SH and SH þ TH cells. This is a representative blot of two different experiments (each performed in triplicate). Proteins were separated by SDS-PAGE and the immunoreactive bands were detected using TH-specific antibody. Bands that ran in the same position as recombinant TH could only be detected in the SH þ TH cells. b-Actin was used as a control for protein loading.
FIG. 2.
Effect of oxidative stressors on the viability of SH and SH þ TH cells. Cells were treated for 24 h with increasing concentrations of H 2 O 2 (A) or 6-OHDA (B). Results are mean ± SE (relative to controls that were set at 100%). Metabolic viability was assessed using the CellTiter-Blue cell viability kit. **p < 0.01, compared to their respective controls (SH or SH þ TH cells) that had not been exposed to the oxidative stressors. #p < 0.05, comparing SH (white bars) and SH þ TH cells (black bars) at the same concentration of oxidative stressor. n ¼ 6-8. (Fig. 3A) or 6-OHDA (Fig. 3B) caused a significant increase in the number of apoptotic cells, as measured by the propidium iodide assay, in a concentration-dependent manner. Incubation of SH þ TH cells with H 2 O 2 at concentrations of 10 and 50lM caused no significant change in the number of apoptotic cells, while they showed a significant increase in apopotic cells at 100lM H 2 O 2 (Fig. 3A) . These cells were significantly more resistant to apoptotic changes induced by H 2 O 2 when compared to the SH cells at all the concentrations tested. With 6-OHDA (Fig.  3B ) treatment, the SH þ TH cells showed significant apoptosis at 50 and 100lM. These cells were significantly more resistant than the SH cells at both 10 and 50lM 6-OHDA. Incubation of cells with staurosporine (1lM) for 24 h was used as a positive control for 100% apoptosis (data not shown).
Another measure of apoptosis is the analysis of PARP cleavage. Incubation of cell extracts with an antibody against PARP showed the presence of the intact 117-kDa protein as well as an 89-kDa fragment (Fig. 4A shows a representative immunoblot from two separate experiments). Incubation of SH cells with H 2 O 2 for 24 h caused PARP cleavage at concentrations of 50 and 100lM, while SH þ TH cells showed PARP cleavage only after treatment with 100lM of H 2 O 2 . When SH cells were incubated for 24 h with 6-OHDA, PARP cleavage was detected at concentrations ranging from 10 to 100lM (Fig. 4B) . When SH þ TH cells were submitted to 6-OHDA concentrations, only 100lM was able to induce PARP cleavage (Fig. 4B ).
Antioxidant Status
Our data demonstrate that SH þ TH cells are more resistant than SH cells to cell death induced by the oxidative stressors H 2 O 2 and 6-OHDA. We therefore attempted to investigate mechanisms by which SH þ TH cells acquired this increased resistance. We found that SH þ TH cells have an increased ability to clear H 2 O 2 that was added to the incubation medium (Fig. 5) .
The observed increased ability of SH þ TH cells to clear H 2 O 2 could be related to an increased antioxidant activity in these cells. We therefore measured GPx, GR, and CAT activity, which are major antioxidant enzymes in the central nervous system (Dringen et al., 2005) . The activity of GPx was   FIG. 3 . Effect of oxidative stressors on apoptosis induction in SH and SH þ TH cells. Assessment of apoptosis in cells after treatment for 24 h with increasing concentrations of H 2 O 2 (A) or 6-OHDA (B) was undertaken using flow cytometric analysis of apoptotic nuclei stained with propidium iodide. Results are mean ± SE (relative to controls that were set at 100%). *p < 0.05 and **p < 0.01, compared to their respective controls (SH or SH þ TH cells) that had not been exposed to the oxidative stressors. # p < 0.05, comparing SH (white bars) and SH þ TH cells (black bars) at the same concentration of oxidative stressor. n ¼ 6-8.
FIG. 4. Effect of oxidative stressors on apoptosis induction in SH and SH þ TH cells. PARP cleavage was used as an index of apoptosis in cells treated for 24 h with increasing concentrations of H 2 O 2 (A) or 6-OHDA (B).
Proteins were separated by SDS-PAGE, and the immunoreactive bands were detected using PARP-specific antibody, which detected intact PARP at 117 kDa and cleaved PARP at 89 kDa. b-Actin was used as a control for protein loading.
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significantly increased in SH þ TH cells compared with SH cells (Table 1 ). The activity of GR was also significantly increased in SH þ TH cells. CAT activity was not changed in SH þ TH cells (Table 1) . We also investigated whether the expression of the small heat-shock protein HSP27, a cellular chaperone, which is demonstrated to be involved in neuroprotective mechanisms against a range of cell insults (Latchman, 2005) , was altered in SH þ TH-expressing cells. However, we were unable to detect any difference between SH and SH þ TH cells (data not shown).
Effects of GPx and GR Inhibition of Cell Viability and Apoptotic Changes Caused by Oxidant Stressors
The results showed above suggested that the increased resistance to oxidative stressors could be due to the increased levels of GPx and/or GR in the SH þ TH cells when compared to the SH cells. If this were so, then inhibition of GPx, or GR, should further reduce the cells resistance to oxidative stressors and eventually lead to there being no observable difference between the two cell types. As expected, incubation of cells with 50lM H 2 O 2 (Fig. 6A ) and 50lM 6-OHDA (Fig. 6B ) significantly decreased cell viability in both cell types, but again, the SH þ TH cells were more resistant. When cells were preincubated with the GPx inhibitor MS (500lM) and then exposed to the oxidative stressors, there was a significantly greater reduction in the viability of both cell types when compared to cells whose GPx was not inhibited (e.g., addition of MS to the H 2 O 2 -treated SH cells reduced their viability from 45 to 25%), and this difference was statistically significant (Fig. 6A, a-c) . Incubation of cells with MS alone did not affect cell viability. The extent of the decreased resistance in the presence of MS was greater with 6-OHDA than with H 2 O 2 as with 6-OHDA, there was no significant difference between the two cell types (Fig. 6B) .
Similar effects of MS on the two cell types were seen when determining apoptosis levels using PARP cleavage (Figs. 7A and 7B) . Incubation with MS increased PARP cleavage caused by 50lM of H 2 O 2 , as observed by the increased density of the 89-kDa band when compared to the control, MS-alone, and H 2 O 2 -alone groups. This occurred with both oxidative stressors.
Preincubation of cells with BCNU (10lM), a GR inhibitor, did not change the extent of the decreases in cell viability caused by H 2 O 2 or 6-OHDA for either cell type (data not shown). The GR inhibitor alone also did not change cell viability when comparing to untreated controls.
DISCUSSION
We found that transfection of the human TH complementary DNA into SH cells led to the expression of active TH protein and an increase in DA levels within the cells. These SH þ TH cells were more resistant than SH cells to oxidative damage induced by H 2 O 2 or 6-OHDA, in that they showed relatively decreased cell death and apoptosis. They also showed increased ability to remove exogenous H 2 O 2 , and they had increased GPx and GR activities. We suggest that the increased FIG. 5. The rate of H 2 O 2 clearance from the incubation medium. H 2 O 2 was added to the incubation media for each of the cell types, and the rate of clearance was determined and expressed as the concentration of peroxide removed from medium per minute per milligram of total protein (lmol/min/mg protein). Results are mean ± SE. *p < 0.05, comparing SH (white bars) and SH þ TH cells (black bars). n ¼ 6. 154 synthesis of endogenous DA and the subsequent formation of DA metabolites leads to mild oxidative challenge in the SH þ TH cells. The cells react to this defensively by initiating a cascade of compensatory mechanisms to increase protection against oxidative stress. One of these mechanisms is to increase the activity of GPx and GR. This preconditioning of the SH þ TH cells then leads to them having increased resistance to cell death after exposure to exogenous oxidants such as H 2 O 2 or 6-OHDA.
Treatment of both SH and SH þ TH cells for 24 h with H 2 O 2 or 6-OHDA caused a significant and concentration-dependent decrease in their metabolic capacity, which reflects a decline in cell viability. This was accompanied by an increase in the presence of apoptotic markers. The SH þ TH cells were substantially more resistant to the effects of these exogenous oxidative agents. We hypothesized that this increased resistance could be related to the SH þ TH cells enhanced antioxidant capacity. We confirmed this by showing that the SH þ TH cells had an increased capacity to clear exogenous peroxide compared to the SH cells. The clearance of peroxides is a key step in protecting neural cells against the harmful action of these oxidative stressors. CAT and GPx are both involved in the clearance of H 2 O 2 , while CAT is not able to clear organic hydroperoxides (Aebi, 1984) . The observed increased ability of SH þ TH cells in clear H 2 O 2 may therefore be related to an increase in the activity of these antioxidant enzymes. We found increased GPx activity in SH þ TH cells compared to SH cells, but CAT activity was not significantly different between the cells. When GPx was inhibited with MS, there was a significantly decreased capacity for both cell types to resist oxidative damage. This confirmed that endogenous GPx was participating in the defense against exogenous oxidative stressors. In the case of 6-OHDA, MS reduced the capacity of the SH þ TH cells to resist oxidative damage to a greater extent than with the SH cells and so there was no longer a significant difference between the two cell types. This suggests that GPx was a major contributor to the increased resistance of the SH þ TH cells. Of course, other mechanisms of defense against oxidative damage may be present, and in the case of H 2 O 2 , this appears to be the case as MS did not reduce the resistance of the SH þ TH cells to the same level as the SH cells.
In parallel to GPx induction, we found a smaller but significant increase in GR activity. GR is responsible for the maintenance of intracellular-reduced GSH levels (Carlberg and Mannervik, 1985) . Peroxide reduction by GPx requires GR activity, by sustaining GSH supply that is necessary for disposal of peroxides by brain cells (Dringen et al., 2005) . The increase in GR activity in SH þ TH cells may be interpreted as a response to increased GPx, which would increase the demand for reduced GSH during peroxide detoxification. Data from literature show that these antioxidant enzymes can be simultaneously modulated positively or negatively, depending on the insult or pathological condition (Casado et al., 2008; Medeiros et al., 2007; Prediger et al., 2007; Sarada et al., 2008) . Despite the moderate increase of GR activity in SH þ TH cells, inhibition of GR with BCNU did not change the effects of exogenous H 2 O 2 and 6-OHDA on cell viability or apoptosis or the rate of peroxide removal by cells (data not shown). This suggests that GR levels are adequate to cope with exogenous oxidants, while GPx is the rate-limiting step. If GPx levels were raised even further by more extensive preconditioning, then greater defense against exogenous oxidants might be possible.
Several reports have shown that injection of cells tranfected with TH can improve PD symptoms (During et al., 1994; Fisher et al., 1991; Guerrero-Cazares et al., 2007; Jiao et al., 1993; Lundberg et al., 1996; Zhang et al., 2008) . Our results suggest that therapy using cells expressing TH transcripts may introduce multiple beneficial effects in PD-damaged brain areas. First, there will be an increase in DA levels to support neurotransmission and to alleviate motor symptoms; second, there will be an increased antioxidant ability of these cells, and this has the dual advantage that it increases cell survival against oxidative damage generated from endogenous and exogenous sources. McCormack et al. (2006) demonstrated that specific populations of dopaminergic neurons are more susceptible to the herbicide paraquat due to decreased resistance to oxidative stress. There will be a level of TH expression in the transplanted cells that confers optimal provision of DA for neurotransmission and for preconditioning against oxidative damage. Overproduction of DA would be toxic and this would lead to increased cell death. Perhaps transfection of The neurotransmitter DA, which is a highly reactive molecule, can generate ROS spontaneously (Hastings, 1995; Hastings and Zigmond, 1997) or via enzymatic processing (Hastings and Zigmond, 1997) . Dopaminergic neurodegeneration can be triggered by high levels of DA, and such effect can be substantially elicited by the presence of metals, as a result of reaction of hydrogen peroxide provided from DA metabolism, with iron, generating harmful hydroxyl radicals, which can damage proteins, lipids, and nucleic acids (Halliwell, 1992) . DA has been confirmed as being important in the oxidative stress-dependent loss of dopaminergic neurons in PD (Miyazaki and Asanuma, 2008) . Despite the severe deleterious effects of high levels of ROS to cell viability, it has been postulated that exposure to low levels of oxidative stress can trigger an upregulation of endogenous defense machinery that may protect cells against a following higher oxidative burst (Calabrese, 2008) . In the report by Leak et al. (2006) , it was shown that exposure to sublethal concentrations of oxidative stress inductor 6-OHDA blocked the toxic effects of a subsequent exposure to a higher concentration of this toxin. Preconditioning by oxidative stress is reported to be similar to ischemic preconditioning, and it requires the production of nontoxic amounts of ROS, which will modulate signaling cascades important in the acquisition of resistance to further harmful insults (Otani, 2004) . Recent studies reported that exposure to low levels of DA causes preconditioning in different models in vitro (Jia et al., 2008; Lazou et al., 2006) , and comparable to other types of preconditioning, it also requires oxidative stress as an initiator (Shih et al., 2007) . The study of Jia et al. (2008) showed that at noncytotoxic concentrations, DA potently stimulated cellular GSH levels and the phase 2 enzyme NADPH:quinone oxidoreductase 1, which are involved in detoxification of ROS and electrophilic quinone molecules. Data from literature indicate that different preconditioning challenges may contribute positively in PD models in vitro (Andoh et al., 2002; Xiao-Qing et al., 2005) and in vivo (Cannon et al., 2005) . From our results, we would argue that SH þ TH cells were more resistant than wild-type SH cells due to establishment of a preconditioning mechanism generated by low levels of DA exposure, initiated after TH insertion into SH þ TH cells.
It is important to acknowledge that glial cells are able to provide trophic support and GSH precursors to neurons (Dringen et al., 2005) . Since GSH is crucial for the GPxcatalyzed peroxide detoxification, it becomes relevant to our system mainly because DA is known to produce H 2 O 2 via autooxidation (Hastings and Zigmond, 1997) . In our study, GPx was increased in SH þ TH cells. In this regard, DA appears to be responsible for the induction of a preconditioning-like event, which triggered the observed increase in the antioxidant capacity of these cells. Taking into account the mentioned trophic and antioxidant support afforded by astrocytes, it is likely that the observed increase of neuronal GPx activity would not be observed if the cells were cultivated in the presence of astrocytes. However, additional studies under cocultured or in vivo conditions should be performed to solve these questions.
In conclusion, our data revealed that transfection of SH-SY5Y cells with TH leads to the cells having an increased antioxidant capacity, improving their resistance against cell death induced by oxidative stressors. This phenomenon seems to be related to an increase in the activity of glutathionemetabolizing enzymes GPx and GR. The mechanism of resistance acquired after transfection with TH remains to be elucidated. Nevertheless, it appears to be in line with a preconditioning-like event triggered by exposure to DA and/or its metabolites. Since gene therapy for PD with transplanted TH-expressing cells is attracting considerable interest, our findings contribute to a better understanding of the effects of TH gene introduced into cell lines. 
